Introduction
During the last few decades there has been great interest in the chemistry of transition metals associated with polydentate ligands with sp 2 -hybridized nitrogen atoms, for instance, polypyrazolylborates [1, 2] and polypyridines [2] [3] [4] [5] [6] [7] [8] [9] [10] . In many cases the charge transfer properties of these compounds justify this interest. Especially with these nitrogen donor ligands have been shown to be effective catalysts for oxidation reactions [11] [12] [13] [14] [15] [16] [17] [18] [19] and for ringopening metathesis polymerization [20] and recent studies of arene ruthenium complexes have shown that they are found to inhibit cancer cell growth [21] [22] [23] [24] [25] [26] , as non-linear optical (NLO) materials [27, 28] . For a majority of the complexes studied, the metal centers are linked by a bridging ligand and the nature of the bridge has a fundamental influence on the electronic interaction between the metals and therefore on the characteristics of the material. The ligand 4,6-bis(pyrazolyl)pyrimidine (L1) and its analogues, 4,6-bis(3-methyl-pyrazolyl)pyrimidine (L2) and 4,6-bis(3,5-dimethyl-pyrazolyl)pyrimidine (L3), are the subject of this investigation. They have a structural similarity to 3,6-bis(pyrazolyl)pyridazine (A) and 4,5-bis(pyrazolyl)quinoxaline (B) both of which have been previously studied [29, 30] . In our previous work, we demonstrated that the ligand A does not yield dinuclear compounds with two half-sandwich platinum group metal atoms, since the steric nature of the ligand, resulted only in the formation of mononuclear complexes [29] . However it is true in the case of more sterically free ligand B also, because it also yielded mononuclear complexes, since the pyrazole rings of the ligand tilted with respect to the central quinoxaline ring because of the steric collide between the R' groups of the pyrazole rings. In the case of ligand A the pyrazolyl rings are bonded para to each other, where as in the case of ligand B, they are bonded ortho to each other on central six membered rings. But sterically less demanding ligand L (L1-L3) can coordinate to two half-sandwich platinum group metal centers, since the pyrazolyl rings of the ligand are bonded meta to each other, leading to reduced steric interaction, which enhances the stability of the dinuclear complexes.
In recent years, we have been carrying out arene ruthenium complexation reactions with a variety of nitrogen-based ligands [31] [32] [33] [34] [35] [36] including pyridyl-pyridazine and pyrazolyl-pyridazine ligands. Ruthenium complexes of these types of nitrogen-based ligands have a capacity to function as catalysts for the oxidation of water to oxygen [37] [38] [39] . Although extensive studies have been made on ruthenium complexes containing polypyridyl ligands, complexes containing pyrazolyl-pyrimidine ligands have not yet been investigated.
In the present paper, we focus on the synthetic methodology applied for the development of homogeneous and immobilized half-sandwich ruthenium, rhodium and iridium complexes bearing bis(pyrazolyl)pyrimidine, as a specific N,N-bidentate bridging ligands (L) (Scheme 1).
. Crystallographic details are summarized in Table 1 and selected bond lengths and angles are presented in Table 2 . Figs. 1-4 were drawn with ORTEP [50] and Fig. 5 with the software MERCURY [51, 52] .
Preparation of ligands (L2 and L3)

4,6-Bis(3-methyl-pyrazolyl)pyrimidine (L2)
To a solution of 3-methylpyrazole (1.20 g, 14.7 mmol) in 50 ml of THF was added fine pieces of potassium (0.600 g, 15.3 mmol), the mixture was refluxed at 50°C until the potassium was completely dissolved. ): 2924m, 1597s, 1464m, 1382m, 1211m, 1044s, 777s.
4,6-Bis(3,5-dimethyl-pyrazolyl)pyrimidine (L3)
The L3 ligand was synthesized in a similar manner using 3,5-dimethylpyrazole (1.50 g, 15.6 mmol), potassium (0.60 g, 15.0 mmol) and 4,6-dichloropyrimidine (1.10 g, 7.35 mmol). However, after refluxing the THF solution for 5 h, the mixture was evaporated to dryness. The product was extracted three times with 30 ml of toluene. The solvent was removed, and the white solid obtained was dissolved in dichloromethane layering the resulting solution with hexane led to the precipitation of traces of pyrazole. L3 was obtained after filtration and evaporation to dryness of the resulting solution. The solid was recrystallized from chloroform/ hexane.
Yield 6 were further reacted with half mole of arene ruthenium or Cp*Rh or Ir dimers in acetonitrile solution, no reaction took place and isolated as starting compounds. Also attempts to synthesize hetero-nuclear complexes by reaction of the mononuclear complexes with other metal atoms led to no reaction.
All these complexes are orange yellow in color, non-hygroscopic, air stable solids. They are soluble in acetonitrile but partially soluble in dichloromethane, chloroform and acetone.
Characterization of mononuclear complexes 1 -12
All these mononuclear complexes were characterized by IR, Table 2 .
In the mononuclear complexes [3]PF 6 and [7] PF 6 the N1-metal distance (2.076 and 2.106 Å) of the pyrazolyl moiety is slightly shorter than the corresponding pyrimidinyl, N3-metal distance (2.092, and 2.138 Å), in contrast to complex [6] PF 6 in which the N1-metal (2.102 Å) distance is slightly longer than the corresponding N3-metal distance (2.093(2) Å). The Rh-N bond distance (2.106(3) and 2.138(3) Å) in 7 is slightly longer than the corresponding distances of ruthenium complex 3 (2.076(3) and 2.092(2) Å) and complex 6 (2.102 and 2.093), while the MÀCl [2.402(7), 2.388(8) and 2.400(6)] bond lengths show no significant differences in all the cations and similar reported values [55, 56] . The N-M-N bond angles [75.33(7) in 3 and 75.56° (9) [(g 6 -C 6 H 6 )RuCl(2-(1-imidazol-2-yl)pyridine)] + [58] and [(Cp*)Ir(2-
As amplified in Figs. 1-3 , all cations possess metal-centered chirality as the metal atom is coordinated to four different ligator atoms. However, since none of the ligands contain chiral centers, they are all obtained as a racemic mixture and they all crystallize in the centrosymmetric space group P 1. In the crystal packing of [3]PF 6 ÁH 2 O, the hexafluorophosphate anion sits on side of the cationic complex and interacts with an hydrogen atom of the C 6 H 6 ligand (see supplementary material). The hexafluorophosphate anion interacts with C 6 H 6 ligand through C-HÁ Á ÁF contacts: the CÁ Á ÁF distances being 3.22 and 3.26 Å with C-HÁ Á ÁF angles of 148.9 and 138.3°, respectively. In addition to this the oxygen atom interacts with one of the hydrogen atoms of ligand L1through C-HÁ Á ÁO contact: the CÁ Á ÁO distance being 3.10 Å and C-HÁ Á ÁO angle is 149.06°.
Characterization of the dinuclear complexes
The infrared spectra of the dinuclear complexes [13] Table  2 . The dinuclear complex [18] (PF 6 ) 2 shows a typical piano-stool geometry for the ruthenium atoms with the metal centers being coordinated by the aromatic ligand, a terminal chloride and a chelating N,N-ligand (Fig. 4) 6 , while the ruthenium-chlorine bond distances are comparable. In complex [18] (PF 6 ) 2 , the isopropyl group of the p-cymene ligand at Ru1 center located opposite to the halide ligand in order to reduce steric interactions, while at Ru2 the isopropyl group is located on same side to the halide ligand.
Complex [18] (PF 6 ) 2 crystallizes with one molecule of water per asymmetric unit, forming an hydrogen-bonded network to the chloride atom and the fluorine atom of the hexafluorophosphate anion (Fig. 5) . The water molecule interacts with chloride ligand through O-HÁ Á ÁCl contacts: the OÁ Á ÁCl distance being 3.26 Å with an O-HÁ Á ÁCl angle of 156.3°. In addition to this, the water molecule interacts with one of the fluoride atoms of the hexafluorophosphate anion through FÁ Á ÁH-O contacts: the FÁ Á ÁO distance being 3.51 Å and the FÁ Á ÁH-O angle 154.09°.
UV-Vis spectroscopy
Electronic absorption spectra of the mononuclear complexes 2 shown similar number of bands in higher frequency region, for instance a medium intensity band in the region 260-275 nm, a high intensity band in the region 318-322 nm and a broad band in the region 356-418 nm. The medium intensity bands in UV region is assigned to p-p*, a high intensity band in UV region is assigned to inter and intra-ligand p-p*/np* transitions [62, 63] , while the low energy absorption band in the visible region is assigned to metal-to-ligand charge transfer (MLCT) (t 2g -p*). + . Fig. 6 . UV-Vis electronic spectra of selected complexes in acetonitrile at 298 K.
Conclusions
We have described and characterized new mono and dinuclear ruthenium, rhodium and iridium complexes with the ligands L1, L2 and L3, in good yield, which are remarkably stable in air as well as in solution. In both, mono and dinuclear complexes, the metal atom are bonded with the N-atom of the pyrazole moiety and the N-atom of the pyrimidine moiety. But our effort to make hetero-nuclear complexes by using second binding site of the mononuclear complexes was unsuccessful, since coordination of the first metallic center does not induce the bonding in the second position in a kind of chemical symbiosis driven by the ligand or the metal center.
